Recent studies suggest that the genome is organized into blocks of haplotypes, and efforts to create a genome-wide haplotype map of single-nucleotide polymorphisms (SNPs) are already underway. Haplotype blocks are defined algorithmically and to date several algorithms have been proposed. However, little is known about their relative performance in real data or about the impact of allele frequencies and parameter choices on the detection of haplotype blocks and the markers that tag them. Here we present a formal comparison of two major algorithms, a linkage disequilibrium (LD)-based method and a dynamic programming algorithm (DPA), in three chromosomal regions differing in gene content and recombination rate. The two methods produced strikingly different results. DPA identified fewer and larger haplotype blocks as well as a smaller set of tag SNPs than the LD method. For both methods, the results were strongly dependent on the allele frequency. Decreasing the minor allele frequency led to an up to 3.7-fold increase in the number of haplotype blocks and tag SNPs. Definition of haploytpe blocks and tag SNPs was also sensitive to parameter changes, but the results could not be reconciled simply by parameter adjustment. These results show that two major methods for detecting haplotype blocks and tag SNPs can produce different results in the same data and that these results are sensitive to marker allele frequencies and parameter choices. More information is needed to guide the choice of method, marker allele frequencies, and parameters in the development of a haplotype map.
INTRODUCTION
Whole-genome linkage disequilibrium (LD) mapping has been proposed as a powerful tool to detect susceptibility genes for complex traits (1) . Recent studies suggest that the human genome is organized into blocks of haplotypes (2, 3) . It is hoped that this genomic architecture may facilitate genome-wide LD mapping by limiting the numbers of single-nucleotide polymorphisms (SNPs) to be typed to those SNPs that explain or 'tag' the haplotype pattern sufficiently (4) .
A variety of different algorithms has been proposed to identify haplotype blocks and tag SNPs (2, (5) (6) (7) (8) (9) (10) (11) . However, little is known about the relative performance of these various methods in real data. What are the differences between the several algorithms? Do all methods come to the same conclusions, that is, do they identify the same or at least similar haploytpe blocks and tag SNPs? How does one resolve disagreement between methods? Recently, Schwartz et al. (12) assessed the overlap of block boundaries assigned by different algorithms. They found a 'generally poor agreement between block boundaries derived from different' algorithms, which was more pronounced in small samples. Another study showed that marker spacing affects the predicted length of haplotype blocks in an evolutionary modeling analysis (13) . It has also been shown that the size of haplotype blocks is algorithm-dependent (14) . Still, there is a lack of studies that formally study the performance of different algorithms in the same sets of data, and no study has assessed the impact of parameter settings or allele frequencies.
Here we present a formal comparison of two major methods for defining haplotype blocks, the LD-based method proposed by Gabriel et al. (5) and the dynamic programming algorithm (DPA) developed by Zhang et al. (10) . Unlike previous studies, we compared the number of haploytpe blocks and tag SNPs identified by each method, since these variables are critical in association mapping. We do not limit our analysis to one arbitrarily chosen minor allele frequency (q) threshold, but perform the analysis for various values of q in order to elucidate the impact of allele frequency on the results. Finally, we examine the impact of parameter changes on the block partitioning. In order to increase the generalizabiliy of our study, we chose three fully sequenced chromosomal regions that differed in their average recombination rates and genecontent: 18q21. 32 Patterns of pairwise LD varied between the three regions studied. On 22q13.33, higher and more extended levels of LD (mean D 0 ¼ 0.35) can be seen than in the neighboring region on 22q13.31-32 (mean D 0 ¼ 0.27), which accords with the known differences in recombination. This difference in LD also holds when comparing the subsets with higher q thresholds. The region on 18q22 showed extended and strong levels of LD (mean D 0 ¼ 0.58). The supplemental data Figure 1 shows the overall LD distribution for the three regions studied, for the varying q thresholds.
DPA identifies fewer haplotype blocks and tag SNPs than LD method ( Fig. 1) The results of haplotype block partitioning and identification of tag SNPs by both algorithms are illustrated in Figure 1 Block partitioning depends critically on marker allele frequencies (Fig. 1) For both methods, the block partitioning and the identification of tag SNPs depended on the q threshold applied. Increasing q by gradually omitting rarer SNPs from the original data sets led to a decrease in the number of identified haplotype blocks and tag SNPs. Haplotype blocks decreased steadily over the range of q 0.01 to q 0.41. The number of tag SNPs remained stable over the range q 0.01 to q 0.19, decreasing steeply after q ¼ 0.2 ( Fig. 1 and Supplementary Material, 2-7). The number of haplotype blocks identified also depended on the levels of a; however, a monotonic relationship cannot be discerned (Supplementary Material, 2-4). The LD method proved to be quite insensitive to changes in thresholds for the confidence bounds. For the region on 18q, the same results were obtained both for the lowered and raised thresholds. For the two regions on chromosome 22, the number of haplotype blocks and tag SNPs identified varied little between the default, the raised, and the lowered thresholds, respectively (Supplementary Material, (5) (6) (7) . No configuration of parameters we tested could reconcile the differences in results between the two methods.
Identification of haplotype blocks and tag SNPs is sensitive to key parameters (Supplementary

DISCUSSION
The algorithmic detection of haplotype blocks is a tool to streamline genotyping efforts in a systematic and efficient way (15) . Given the importance that haplotype block partitioning algorithms are believed to have for genome-wide association mapping, we wanted to address some practical but crucial questions that so far have not been addressed sufficiently. How do different algorithms compare in terms of the identification of haplotype blocks and tag SNPs? What impact does the choice of marker allele frequency have on the block partitioning? How sensitive are the results to changes in the parameter settings? We compared two major methods for haplotype block partitioning in three regions of the human genome that differed in their patterns of LD and gene content. For all three regions, we observed that the DPA consistently identified fewer haplotype blocks and tag SNPs than the LD method. Moreover, the identification of blocks and tag SNPs depended critically on the minor allele frequency. Neither method was completely insensitive to parameter choices, but the results could not be reconciled simply by parameter adjustment.
It has been proposed that genome-wide association studies could be performed in a systematic way by utilizing a reduced set of markers that tag the major haplotypes (16) . This proposal follows from the observation that the genome is apparently organized into blocks of haplotypes (2, 3) . Numerous methods to identify these blocks algorithmically have been proposed (2, (5) (6) (7) (8) (9) (10) (11) . Still, many uncertainties persist (17) .
The two major block partitioning algorithms we studied behaved very differently in the identification of haplotype blocks and tag SNPs. This is not merely a problem of calibration. Our results show that these substantial differences could not be rectified by adjusting parameters. Moreover, the differences were not only confined to one chromosomal region but were evident in each of three regions that differed in their overall recombination rates and gene content.
The absolute differences in the number of tag SNPs for our small study regions may not seem large. However, at a genomewide level, they may amount to more substantial differences in the number of tag SNPs to be genotyped.
The identification of tag SNPs is meant to give an idea about the genotyping effort needed to cover a region or the whole genome sufficiently, while the identification of haplotype blocks can give us an idea how much of the genome has been sampled. Both are equally important when aiming at whole genome association mapping or focused fine-mapping of a region of interest. Thus, one would ideally want block partitioning algorithms to agree in these crucial features. From our comparison, one can see that different methods and marker allele frequencies give very different results.
How can these differences across methods be explained? If one thinks of haplotype blocks as nicely delineated genomic regions with low diversity interrupted by recombinational hot spots, one would be led to believe that different blocking algorithms should detect similar numbers of blocks and tag SNPs. However, the real situation appears to be more complex. Localized differences in recombination have been hypothesized to be the primary force behind the haplotype block structure of the genome (2, 5, 18) . This hypothesis was supported by highresolution LD studies, followed by estimation of recombination frequencies in sperm (19, 20) : areas of LD breakdown within stretches of strong LD corresponded perfectly with recombinational hot spots. However, the notion that such hot spots are required to explain the block structure has recently been challenged. The study by Phillips et al. (13) suggests that haplotype blocks can arise by factors other than recombination, such as natural selection, population bottlenecks, population admixture, choices of marker spacing and allele frequencies. In a simulation study, Zhang et al. (21) showed that haplotype blocks were observed even in the absence of recombination hot spots or recent population bottlenecks. Furthermore, genetic drift was also shown to generate block-like patterns. Thus, the authors cautioned against any global applicability of the haplotype map until studies had been done in multiple ethnic groups. Stumpf and Goldstein (22) reached a similar conclusion. In light of these uncertainties as to the underlying evolutionary processes, Schwartz et al. (12) conclude that differences between methods may be considered a direct consequence of the imperfect nature of the block concept. A major focus of the present study was to assess the impact of the minor allele frequencies (q) on the outcome of the partitioning algorithms. From the literature, we can see that there are great discrepancies in the estimates of numbers of tag SNPs required for a genome-wide haplotype map (2, 5, 9) . Apart from the fact that all these estimates are derived through different algorithms, one issue is very much overlooked: the range of q represented in the respective samples. Daly et al. To our knowledge, the impact of q on block partitioning algorithms has not been addressed formally. From our data, it can be seen that the number of blocks and tag SNPs identified strongly depends on the thresholds for q: the lower the threshold, the higher the numbers of tag SNPs. It has been argued that the generation of a haplotype map can 'ignore SNPs or haplotypes with minor allele frequencies of 10 or 20% or less', since rare causative polymorphisms will 'tend to be found on one or a few common haplotype backbones' (23) . Based on our data, we believe that such an approach might be risky. Common haplotype blocks may not automatically encompass less common variants. For example, the LD within a haplotype block may not be complete, since even within a block LD may decay with physical distance (24) . Even under the scenario of complete LD, highfrequency tag SNPs might not necessarily capture rare variants, in particular in smaller sample sizes (25, 26) .
We would like to point out that the identification of tag SNPs for the DPA is tightly linked to delineation of haplotype blocks. This is a necessary consequence of defining tag SNPs based on the haplotype block to which they belong. For the LD method, this is not the case. In fact, Gabriel et al. (5) did not provide an algorithm for the definition of tag SNPs but focused on haplotype blocks exclusively. To enable a comparison between the methods, we used the tag SNP definition from the DPA to determine the SNPs tagging the haplotypes in the blocks identified by the LD method. However, the identification of tag SNPs is not necessarily contingent upon a prior identification of haploytpe blocks. In the case of a well-defined and physically small unit of observation, e.g. a gene, tag SNPs may well be identified without a prior determination of haplotype blocks, as demonstrated by Johnson et al. (6) . However, such an algorithm cannot be directly applied to very long regions as all the haplotypes will be unique. Recently, Meng et al. (27) introduced an approach to define tag SNPs independently from haplotype blocks by using a slidingwindow-based algorithm. Further studies are needed to compare the usefulness of tag SNPs identified using different algorithms for association studies.
We believe that it is problematic to limit the generation of haplotype maps to high-frequency SNPs. Such an approach may lead to fewer and larger blocks and lower genotyping efforts. However, this may come at the cost of artificially sparse maps that do not characterize the genomic structure adequately (13, 17) .
Our study aimed at evaluating the impact of methods, parameters and allele frequencies on the outcome of the block partitioning. Given that we chose only two methods for our comparison, our conclusions may be limited and not transferable to other algorithms. However, most of the extant methods are related to each other. Thus, we decided to consider two methods that differ in key principles and tend to span the range of common approaches. Furthermore, we chose three chromosomal regions to test the performance of the methods on different genomic backgrounds (i.e. recombination rate, gene-content).
Our data show that the computational identification of haplotype blocks remains algorithm-dependent and sensitive to allele frequency. At present, no one algorithm can be considered definitive. These algorithms were developed on the basis of different objectives. The main objective of DPA is to minimize the genotyping effort using tag SNPs for association studies; haplotype blocks were used as a tool to achieve this objective. On the other hand, the objective of Gabriel et al. (5) was to identify high LD regions using haplotype blocks; no tag SNPs were used for block partition. Depending on the purpose of a study, different block partition algorithms should be applied. In this respect, the creation of a general haplotype and tag SNP map may need to use several algorithms in parallel in order to keep up with its ambitions of universality. At the current stage it is not possible to say that any algorithm will deliver 'allpurposes' haplotype blocks or tag SNPs. The interpretation of such features has to be within the limits of the specific algorithm employed and the purpose of a given study. An 'allpurposes' haplotype block map and tag SNP set may not exist. Given that 'our understanding of the patterns of recombination and disequilibrium in the genome is still limited' and that 'the notion of discrete blocks will probably prove too rigid to account for the complexity of linkage disequilibrium' (28) , future studies will have to address the question whether we should focus on approaches that describe the global genomic organization of LD (i.e. maps identifying blocks of haplotypes) or rather develop algorithms that identify tag SNPs independently of the haplotype block concept.
MATERIALS AND METHODS
Chromosomal regions and samples studied
We performed our analyses with data derived from three chromosomal regions on chromosomes 18q21.32-33, 22q13.31-32 and 22q13.33, each fully sequenced and characterized with SNPs.
The region on chromosome 18 consists of a 180 kb contig of finished sequence that we characterized with 33 SNPs at a median density of 5 kb (for a list of the SNPs used, see Supplementary Material, 1). Genotyping was performed in 50 unrelated founder individuals from the Utah and French CEPH pedigree collection (www.cephb.fr; for genotyping procedure, see below). According to the Nov 2002 build of the Golden Path UCSC Genome browser (http://genome.ucsc.edu/cgi-bin/ hgGateway), the average recombination rate in this region is estimated at 1.3-1.9 cM/Mb and the gene content is low (5.6 genes per Mb, according to the 'known' and 'RefSeq' track of the genome browser).
For the two regions on chromosome 22, we obtained publicly available data from the Wellcome Trust Sanger Institute (www.sanger.ac.uk/HGP/Chr22/). The data comprises 91 individuals from the UK; sample characteristics and genotyping procedures are described elsewhere (29) . The region on chromosome 22q13.31-32 consists of 811 kb characterized with 55 SNPs (rs1009783-rs132231) at a 10 kb median density. The average recombination rate lies between 2.5 and 2.8 cM/Mb, gene content is the lowest of the three regions studied (1.2 genes per Mb, according to the 'known' and 'RefSeq' track of the genome browser). The region 22q13.33 consists of 993 kb characterized with 54 SNPs (rs139777-TSC0100622) at a 9 kb median density. This region shows the highest gene content of the three regions analyzed (34.2 genes per Mb, according to the 'known' and 'RefSeq' track of the genome browser). The average recombination rate is very low.
Genotyping (18q21.32-33)
Genotyping was performed using template-directed dye-terminator incorporation with fluorescence-polarization detection (FP-TDI) (30) . A detailed protocol is presented elsewhere (31) .
Minor allele frequency (q) thresholds used
One of our main interests was to assess the performance of the block partitioning algorithms for various thresholds of q. Thus we created seven sub-sets of SNPs from the respective original data sets, with the following q thresholds by progressively excluding SNPs with q values less than the threshold: q 0.01 (i.e. the original samples including all SNPs), q 0.04, q 0.1, q 0.19, q 0.25, q 34 and q 0.41.
Calculation of inter-SNP LD
Pairwise inter-SNP LD for the three regions, as expressed by the standardized LD coefficient D 0 (32), was calculated using the ldmax option in GOLD (www.sph.umich.edu/csg/abecasis/ GOLD/) (33) . This uses haplotype frequencies estimated by an expectation-maximization (EM) algorithm, and has been shown to perform well in unphased data (34, 35) .
Block partitioning
We compared the performance of two major methods to define haplotype blocks, the dynamic programming algorithm (DPA) (10) and a method based on D 0 (5), henceforth referred to as the LD method. The methods are described in detail in the original papers, and briefly summarized below.
DPA Haplotypes are inferred through a partition-ligation EM algorithm (36) . Subsequently, the DPA is applied to partition the obtained haplotypes into blocks. Common haplotypes are defined as those haplotypes that are represented more than once in a block. In the final block partition, a subset of consecutive SNPs is a block only if the common haplotypes account for at least a percent ('coverage') of all estimated haplotypes within that block. The DPA aims to minimize the number of SNPs (i.e. tag SNPs) that distinguish at least b percent of the haplotypes in a block. For our primary comparison with the LD method, in keeping with the original study of the DPA (10), we set a ¼ b ¼ 0.80. To further assess the influence of parameter settings, we also performed the DPA analysis for other a and b values (0.7, 0.75, 0.85, 0.9 and 0.95)
LD method D
0 values for all pairs of SNPs were calculated and the variance was estimated (37) . We used a modified version of the previously described LD method (5) that replaced the bootstrap-based variance estimates with a normal approximation. Simulations showed that this modified method gave similar confidence intervals for D 0 as the bootstrap method with much less computational time (38) . Pairs of SNPs were considered to be in 'strong' LD if the one-sided upper 95% confidence bound on D 0 was larger than 0.98 and the lower bound was larger than 0.7. 'Low' LD was assumed for pairs with an upper bound less than 0.9. A haplotype block was then defined as a region over which less than 5% of SNP pairs showed low levels of LD.
Since the LD method does not include an algorithm to define tag SNPs, we used the same criteria as in the DPA (see above).
To assess the influence of parameter settings, we also performed the analysis with more stringent criteria ('strong' LD defined as upper bound on D 0 >0.99 and lower bound >0.75) and with less stringent criteria (upper bound >0.96 and lower bound >0.65). For detailed block definition criteria, see Supplementary Material, 1.
